Abbreviations used in this paper: KLP, kinesin-like protein; MAP, microtubule associated protein; NuMA, nuclear protein of the mitotic apparatus; RanGTP, GTPase Ran in its GTP-bound form; TPX2, targeting protein for Xklp2.

A central goal of cell division in eukaryotes is to separate two identical copies of the DNA and evenly distribute them to the daughter cells. This task is performed by microtubules that assemble into a spindle-shaped apparatus around the chromosomes. Substantial evidence coming from several labs supports a model in which the small GTPase Ran in its GTP-bound form (RanGTP) coordinates spatially spindle assembly. A number of recent excellent reviews cover different aspects of Ran functions in spindle assembly and in other cellular processes ([@bib12]; [@bib45]; [@bib13]; [@bib31]; [@bib50]; [@bib59]; [@bib14]). Here, we examine some controversial data on the role of chromosomes and the Ran model in spindle assembly. We then review our current knowledge on the downstream targets of Ran during mitosis and we focus on the multiple functions performed by the targeting protein for Xklp2 (TPX2), one central target of Ran in spindle assembly.

General mechanism of Ran action during the cell cycle: a small protein with many tricks
=======================================================================================

The function of Ran in nucleocytoplasmic transport during interphase has been extensively studied. It relies primarily on the restriction of high concentrations of its GTP form to the nucleus. The differential distribution of RanGTP between the nucleus and the cytoplasm is safeguarded by the integrity of the nuclear envelope. In the nucleus, RanGTP regulates the binding properties of the family of importin β--like nuclear transport receptors, promoting the dissociation of import receptors from their cargo proteins and participating in complex formation of export receptors with their cargos. This governs the directionality of nucleocytoplasmic transport ([@bib42]; [@bib24]). There is now substantial evidence indicating that these activities are important for spindle assembly as well. Experiments in *Xenopus* egg extracts have shown that the dissociation of import receptors from their cargos by RanGTP is one of the mechanisms that renders several proteins competent to function in spindle formation ([@bib26]; [@bib47]; [@bib60]). Recently, there have been some direct ([@bib3]; [@bib4]) and indirect evidence supporting a role for the Ran system in spindle assembly in mitosis in vivo ([@bib27]; [@bib46]; [@bib55]; [@bib41]). In addition, the Ran system has been demonstrated to be involved in other cell cycle regulated events, such as nuclear envelope assembly ([@bib30]; [@bib66]) and kinetochore function ([@bib2]). Moreover, [@bib65] have recently shown that in the presence of high levels of RanGTP the export receptor CRM1 inhibits rereplication by sequestering replication proteins inside the nucleus without exporting them to the cytoplasm. Interestingly, this situation is like a mirror image of mitosis when Ran releases proteins from inhibitory import receptors.

A gradient of RanGTP in mitosis?
================================

As the cell enters mitosis and the nuclear envelope breaks down the nucleoplasm and the cytoplasm mix, diluting the high concentration of nuclear RanGTP. However, because RCC1, the GEF for Ran associates with the chromosomes in M-phase, the concentration of RanGTP may still be high enough in the vicinity of chromatin to dissociate complexes of importins and cargo proteins. A local high RanGTP concentration may therefore provide positional information for the formation of the spindle around the chromosomes. To test this idea [@bib34] used FRET-based biosensors to monitor the binding of RanGTP to its partners in *Xenopus* egg extracts and visualized a high local concentration of RanGTP around the mitotic chromatin, providing the first experimental support for the RanGTP gradient model for spindle assembly. However, it was not clear whether this only occurred in a large cytoplasm like the *Xenopus* egg or if such a gradient could also exist in somatic cells. Indeed, mathematical modeling based on known kinetic parameters of the components of the Ran system ([@bib25]) predicted that a gradient of RanGTP could exist around chromosomes in a large cytoplasm but not in an average 20-μm large somatic cell. Recently, [@bib40] have provided evidence for the existence of a gradient of RanGTP around chromosomes in somatic cells. Therefore, there is now evidence supporting the existence of a gradient in different systems. It still remains to be determined how the localization of various components of the Ran system to specific cellular compartments influence this gradient. Indeed it has been reported that Ran localizes to the chromatin ([@bib6]; [@bib40]), the kinetochores ([@bib4]), the spindle ([@bib55]) and with the centrosomes ([@bib19]; [@bib36]). In addition, RanGAP1 as well as RanBP2 colocalize with spindle microtubules and kinetochores ([@bib32], [@bib33]), and the export receptor CRM1 can associate with centrosomes ([@bib19]; [@bib36]). Whether and how the localization of Ran or components of the Ran system may affect the shape of the Ran gradient during mitosis and how different factors involved in spindle assembly react to a given RanGTP concentration remains to be determined.

Spindle assembly without chromosomes?
=====================================

A strong prediction of the Ran gradient model is that chromosomes are essential determinants for spindle assembly. This idea was initially supported by experiments showing that injection of chromatin or DNA into *Xenopus* metaphase arrested eggs triggered spindle assembly whereas injection of centrosomes did not ([@bib35]). Later experimental support came from the observation of spindle assembly around DNA-coated beads in *Xenopus* egg extracts ([@bib28]). These results however posed the question of whether spindle assembly around chromatin could just be a specialized pathway existing in systems that naturally lack centrosomes, like in vertebrate female meiosis and in plants. Many observations argue against this simple interpretation. Inhibition of RanGTP production in *Xenopus* egg extracts leads to severe defects in spindle assembly even in the presence of centrosomes ([@bib11]). Other manipulations in different cellular systems (meiotic and mitotic) also support the view that chromosomes are important determinants for spindle assembly in general ([@bib35]; [@bib43]; [@bib68]; [@bib37]).

However, reports on spindle formation in the absence of chromosomes have challenged this idea ([@bib8]; [@bib18]; [@bib9]) and have led some authors to propose that the organization of microtubules into two antiparallel arrays is an intrinsic property of mitotic microtubules ([@bib8]).

Microtubules become highly dynamic in mitosis. It is conceivable that when two or more dynamic microtubule asters come into proximity in an M-phase cytoplasm, some antiparallel interactions may be established and become stabilized through the recruitment of some mitotic factors. Spindle-like structures have indeed been reported to form in the absence of chromosomes ([@bib18]; [@bib9]). This is in apparent contradiction with the Ran gradient model. However, unlike the finely temporally and spatially controlled process of spindle formation around chromosomes, spindle-like structures formed in the absence of chromosomes arise randomly in the cellular space ([@bib8]) and are often unstable ([@bib18]).

Computer simulations have recently been used to analyze theoretically the minimal requirements for the establishment of stable antiparallel interactions between two microtubule asters ([@bib48]). The results suggest that relatively few components may be sufficient. Thus, it may not be surprising that in a mitotic cytoplasm two or more microtubule asters may establish antiparallel interactions. One important question is then whether these structures could be as functional as real spindles.

Recently, *Drosophila* secondary spermatocytes lacking chromosomes have been reported to assemble a spindle and go through anaphase and cytokinesis like wild-type cells ([@bib9]). This suggests that except for the obvious lack of chromosome segregation the spindle-like structure that formed retained the other functions attributed to spindles. In fact, a closer look at microtubule organization in these cells suggests that the two microtubule asters nucleated by the centrosomes barely interact. Because of the space restriction imposed by the cell membrane most microtubules nucleated by the centrosomes can only grow toward the center of the cell and thus adopt a spindle-like topology. However, the density of microtubules in the central region is much lower than in bona fide spindles suggesting that there are no interactions between antiparallel microtubules. Although the later assembly of the central spindle and cytokinesis could suggest that a spindle had indeed previously assembled, in fact these are most certainly independent events. First, in this meiotic system the spindle checkpoint is nonexistent or very weak ([@bib51]). Second, the central spindle does not derive from the spindle itself but forms from newly assembled microtubules that grow in the central cortical region of the cell (C. Gonzalez, personal communication). Moreover, using live imaging on dividing spermatocytes, [@bib52] have shown that in this system the plane of cytokinesis is not determined by the spindle itself but by the position of the two centrosomal asters. Interestingly, these authors have also shown that spindles can assemble in *Drosophila* spermatocytes without any contribution from centrosome nucleated microtubules ([@bib52]). Finally, [@bib10] have demonstrated recently that contractile ring positioning in rat kangaroo cells can even occur in the presence of just one monopolar array of microtubules, indicating that bipolar organization of antiparallel microtubules is indeed not needed for cytokinesis in general. Therefore, these data suggest that these late events do not depend on the previous formation of a spindle. In summary, although some antiparallel interactions may be established between two or more microtubule asters in an M-phase cytoplasm, chromosomes appear as important determinants to direct spatially the formation of a robust spindle.

Targets of Ran during mitosis
=============================

During mitosis RanGTP regulates the activity of factors involved in microtubule nucleation, stabilization and organization ([@bib61]; [@bib67]; [@bib11]; [@bib62]; [@bib31]). Importin β was found to mediate the effect of RanGTP on mitotic factors. At present, we know of three proteins that bind to importin β via the adaptor protein importin α in mitosis: the kinesin-like protein (KLP) XCTK2 and two microtubule-associated proteins, targeting protein for Xklp2 (TPX2) and nuclear protein of the mitotic apparatus (NuMA). These proteins have been proposed to be targets of RanGTP in the spindle assembly pathway ([@bib26]; [@bib47]; [@bib60]; [@bib15]; [Table I](#tbl1){ref-type="table"}). The predominant interacting partners of TPX2 and XCTK2 in *Xenopus* M-phase extracts are indeed importins α and β ([@bib26]; [@bib15]). By contrast, the majority of NuMA is bound to the dynein--dynactin complex ([@bib44]) indicating that only a small subset of NuMA could be regulated by the Ran system through the binding to importins.

###### 

**Proteins regulated by RanGTP during spindle assembly** [a](#tfn1){ref-type="table-fn"}

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Protein              Function/activity                        Localization                     Activity regulated by RanGTP
  -------------------- ---------------------------------------- -------------------------------- ---------------------------------------------------------------------------------------------------------
  TPX2^a--j^           MAP\                                     Spindle poles and spindle MTs\   Binding to importins\
                       MT nucleation\                           Midbody in telophase\            MT nucleation\
                       Spindle pole organization\               Degraded in G1                   Interaction with Aurora A\
                       Targeting of Xklp2 and Aurora A\                                          Activation of Aurora A
                       Activation of Aurora A                                                    

  NuMA^k--m^           MAP\                                     Spindle pole\                    Binding to importins
                       Spindle pole organization                Nuclear matrix in interphase     

  XCTK2^n,o^           Kinesin-like protein\                    Spindle poles and spindle MTs    Binding to importins\
                       Minus end--directed motility\                                             Inhibitory effect of importins  on MT binding of the  nonmotor domain (assay  with purified components)
                       Organization of spindle poles                                             

  Eg5^p--r^            Kinesin-like protein\                    Spindle poles and spindle MTs    MT organization
                       Homotetramer\                                                             
                       Plus end--directed motility\                                              
                       Centrosome separation\                                                    
                       Antiparallel microtubule interactions\                                    
                       Maintenance of spindle bipolarity                                         

  kid^e,\ s--v^        Chromokinesin\                           Chromatin, spindle MTs           Inhibitory effect of importins  on MT binding
                       Plus end--directed motility\                                              
                       Chromosome oscillations\                                                  
                       Metaphase chromosome alignment                                            

  Aurora A^f--j,\ w^   Mitotic kinase\                          Spindle MTs centrosome           Binding to TPX2
                       Activated by TPX2\                                                        
                       Known substrates: Eg5, TPX2, TACC                                         
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Wittmann et al., 2000; ^b^Gruss et al., 2001; ^c^Gruss et al., 2002; ^d^Garrett et al., 2002; ^e^Trieselmann et al., 2003; ^f^Kufer et al., 2002; ^g^Eyers et al., 2003; ^h^Tsai et al., 2003; ^i^Eyers and Maller, 2004; ^j^Bayliss et al., 2003; ^k^Merdes et al., 1996; ^l^Nachury et al., 2001; ^m^Wiese et al., 2001; ^n^ [@bib58]; ^o^Ems-McClung et al., 2004; ^p^ [@bib53]; ^q^ [@bib7]; ^r^Wilde et al., 2001; ^s^ [@bib1]; ^t^ [@bib20]; ^u^ [@bib64]; ^v^ [@bib39]; ^w^ [@bib49].

The number of proteins regulated by Ran during cell division will probably increase rapidly. Likely candidate factors involved in cell division are those sequestered into the nucleus in interphase and thus interacting with importins. The microtubule binding capacity of the nuclear KLP kid was recently found to be modulated by Ran and the importins in vitro ([@bib56]; see Fig. 2, and [Table I](#tbl1){ref-type="table"}). In addition, other factors may be regulated in a more indirect manner. [@bib62] have shown that the kinesin like protein Eg5 is regulated by RanGTP and involved in the organization of microtubules into "mini-spindles", spindle-like structures unique to the Ran pathway because they do not form after addition of taxol or centrosomes to an M-phase egg extract. A general picture is starting to emerge in which RanGTP coordinates the activities of numerous factors that collectively direct the formation of the spindle around the chromosomes ([Fig. 1](#fig1){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). However, TPX2 probably remains the best-characterized Ran target. Moreover, many recent data suggest that the regulation of TPX2 is important for several steps in spindle assembly. We will focus on TPX2 in the last part of this review.

![**During mitosis RanGDP is converted into RanGTP in the proximity of the chromosomes by the nucleotide exchange factor RCC1.** In a first step, RanGTP binds to importin β releasing it from importin α. The affinity of importin α for NLS sequences is reduced and a complex of importin α CAS and RanGTP forms releasing TPX2. CAS functions to reexport importin α to the cytoplasm. TPX2 triggers microtubule nucleation and binds to the mitotic kinase Aurora A activating it.](200312112f1){#fig1}

Role of TPX2 in RanGTP induced microtubule nucleation
=====================================================

Although TPX2 was first identified as an antigen specific for mitosis ([@bib29]) and as the TPX2 ([@bib63]), a major breakthrough came with the discovery that it is one of the targets of RanGTP during mitosis ([@bib26]). TPX2 is bound to importins α and β in *Xenopus* M-phase extracts. This complex is dissociated by RanGTP and once released TPX2 promotes microtubule assembly ([@bib26]; [Fig. 2](#fig2){ref-type="fig"}). How does TPX2 trigger microtubule assembly? TPX2 behaves as a microtubule associated protein (MAP) in all biochemical assays and it colocalizes with spindle microtubules in M-phase in vivo and in vitro ([@bib29]; [@bib63]; [@bib21]; [@bib27]; [@bib56]). However, TPX2 does not stabilize microtubules like other MAPs but probably plays a yet poorly understood role in the early steps of microtubule nucleation ([@bib27]). In fact, bacterially expressed TPX2 can initiate microtubule polymerization in a solution of pure tubulin, an activity regulated by importins ([@bib54]). Together, these data indicate strongly that an essential early role of TPX2 is to promote microtubule assembly in the vicinity of chromosomes. Accordingly, TPX2 has been found to be crucial for spindle formation in *Xenopus* egg extracts and in tissue culture cells ([@bib26], [@bib27]; [@bib21]). These studies indicate that microtubule assembly induced by TPX2 around the chromosomes is a general requirement for spindle assembly---a conclusion in sharp contrast with the idea that two centrosomal asters are sufficient to organize a spindle (see Spindle assembly without chromosomes? section).

![**Factors proposed to be regulated by RanGTP during mitosis and their role in spindle assembly.** (A) Nucleation: in the initial phases chromosomes generate an environment enriched in RanGTP. TPX2 is released from the importins and triggers microtubule nucleation. (B) Organization: microtubules assembled around the chromosomes coalesce and start to organize. Two proteins were suggested to be regulated by RanGTP and to participate in these events: Eg5 and Kid. (C) Pole formation: microtubule minus ends focus into spindle poles. This process involves two proteins regulated by RanGTP: NuMA and XCTK2. TPX2 may also play a role in this process.](200312112f2){#fig2}

TPX2 targeting activities and its role in spindle pole organization
===================================================================

TPX2 accumulates at the poles of metaphase spindles in a dynein--dynactin-dependent way. This localization does not depend on RanGTP because TPX2 accumulates at the center of microtubule asters induced in *Xenopus* egg extracts by addition of centrosomes, or agents like taxol or DMSO and binds to pure microtubules in the presence of importins ([@bib63]; [@bib56]). The precise mechanism involved in this localization is still unclear. In contrast to NuMA ([@bib44]), that has a very similar localization at spindle poles, a direct interaction between TPX2 and the dynein--dynactin complex has not been described. In any case, the spindle pole localization of TPX2 may be important functionally because TPX2 is required for spindle pole integrity ([@bib63]; [@bib21]). The function of TPX2 at spindle poles could also be related to its targeting activities. Two proteins have been shown to be targeted by TPX2, the KLP Xklp2 ([@bib63]; [@bib21]) and the kinase Aurora A ([@bib38]). The targeting of Xklp2 by TPX2 to microtubule minus ends of asters assembled in *Xenopus* M-phase extracts occurs in the absence of RanGTP ([@bib63]; [@bib21]) suggesting that its targeting to the spindle poles is independent of the Ran system as well. By contrast, the interaction between TPX2 and Aurora A is stimulated by RanGTP ([@bib38]; [@bib17]; [@bib57]; [Fig. 1](#fig1){ref-type="fig"}). Interestingly, this interaction leads to the activation of the kinase and, in turn, the phosphorylation of TPX2 by Aurora A ([@bib17]; [@bib57]). Structural and biochemical studies have helped to understand the precise mechanism by which TPX2 activates the kinase ([@bib5]; [@bib16]). The binding of a short NH~2~-terminal sequence of TPX2 to the catalytic domain of Aurora A locks the kinase into an active conformation. First, it positions the activation segment into a more favorable conformation for substrate binding and second by inducing the swinging of a critical phosphorylated residue into a buried position protecting it from dephosphorylation by PP1 and thus inactivation ([@bib5]). Therefore, the interaction of TPX2 with Aurora A could be a mechanism to translate the RanGTP signaling network into a phosphorylation network. Although few substrates for Aurora A have been identified, one of them is the KLP Eg5 ([@bib23]) and the other is TPX2 itself ([@bib5]; [@bib16]). Interestingly, Eg5 is activated by RanGTP and it has been suggested that it is regulated by Aurora kinase phosphorylation ([@bib22]). In contrast, it is not clear whether and how Aurora A--mediated phosphorylation of TPX2 affects its activities. In any case, the RanGTP-dependent microtubule assembly activity of TPX2 as well as its RanGTP-mediated interaction with Aurora A that leads to the activation of the kinase reveal important mechanisms by which RanGTP can control directly and indirectly the activity of factors required for spindle assembly.

Concluding remarks
==================

The central role of Ran in spindle formation reflects the general importance of the regulation of nuclear proteins in this process. In fact, nuclear proteins, all set free early in mitosis upon nuclear envelope breakdown, are involved at all stages of M-phase. Thus, it will be interesting to see whether and how Ran works to regulate the accessibility of nuclear proteins for late functions in cell division like chromosome segregation and cytokinesis.

We thank Eric Karsenti and Iain Mattaj for useful comments on the manuscript.

[^1]: Address correspondence to Isabelle Vernos, Cell Biology and Biophysics Program, European Molecular Biology Laboratory, Meyerhofstrasse 1, Heidelberg 69117, Germany. Tel.: 49-6221-387-285. Fax: 49-6221-387-512. email: <vernos@EMBL.de>; or <o.gruss@zmbh.uni-heidelberg.de>
